A correlation exists between C-reactive protein (CRP) serum concentrations and the risk of cardiac events in patients with coronary heart disease, [1] [2] [3] but it is unknown whether the acute-phase protein simply represents a marker of inflammation 4 or whether it is causally involved in atherogenesis. CRP is present in early human atheromatous plaques and colocalizes with activated complement. 5 The capacity of CRP to bind to enzymatically modified lowdensity lipoprotein (E-LDL), 6 the major target of CRP in the atherosclerotic lesion, and to activate complement 7 could imply that it drives inflammation and is, hence, proatherogenic. 8, 9 Reports that CRP downregulates endothelial biosynthesis of nitric oxide synthase 10 and stimulates the expression of endothelin 1 11 might appear to accord with such a contention. However, reports on proinflammatory cellular effects of CRP require confirmation because uncharacterized commercial CRP preparations were used in past studies. One effect has recently been shown to represent a sodium azide artifact. 12 
See page 1527
Alternatively, CRP may play a physiological role. Complement activation by CRP/E-LDL halts before the proatherogenic terminal sequence, and incomplete complement activation may be a physiological event enabling LDL to be removed from tissues, 13 blunting a detrimental response to LDL retention. [13] [14] [15] Murine apolipoprotein (apoE) 16 and LDL receptor 17 knockout strains are widely used to study inflammatory mechanisms in atherosclerosis. However, mouse CRP is a trace protein with a concentration that does not exceed 2 mg/L even after an inflammatory stimulus. 18 Hence, research on CRP function in atherosclerosis currently relies on the use of transgenic mice expressing rabbit CRP (rbCRP) 19 or human CRP (huCRP). 20 In a recent study, introduction of a huCRP transgene into the apoE knockout mouse strain was reported to promote deposition of foam cells in the aortic valve cups in 7-month-old animals. 8 The effect was restricted to male animals that expressed far higher CRP levels than did the female mice, because expression of transgenic huCRP in the construct is under strict testosterone control. 21 However, data published several months prior using the same mouse strain did not appear to accord with these findings. 22 Here, we report our observations on a murine strain transgenic for rbCRP and the CRP-negative apoE knockout control. Expression of the rbCRP transgene is independent of gender, and an additional inflammatory stimulus is also not required. rbCRP and huCRP are similar in structure and function. Both bind phosphocholine, C-polysaccharide, polycations, chromatin, and histones, activate complement, and protect mice from lethal challenges with pneumococci. [23] [24] [25] [26] [27] [28] [29] On the basis of amino acid similarity, rbCRP 30 is 83% and 86% homologous to the murine and human counterparts, respectively. huCRP is only 79% homologous to mouse rbCRP. The methodical drawbacks of transgenic expression of huCRP and rbCRP in the mouse are equivalent. The Genbank identification numbers of the murine and human cDNA used for our inquiry are gi͉31982450͉ref͉NM_007768.2͉ and gi͉17530542͉gb͉AF449713.1͉AF449713, respectively.
Unexpectedly, the interactions between CRP and modified LDL and complement, as have been delineated in the human system, 7, 13 did not appear to be operative in the apoE knockout mouse. No marked effect of CRP expression on the development of moderately advanced atherosclerotic lesions was detected, and there was no correlation between CRP levels and the extent of atherosclerosis.
Methods

Mouse Breeds
Mice were maintained at the University of Mainz under specified pathogen free conditions. Lineage PC-12 (internal designation rb-CRP) has previously been described. 19, 28 Briefly, the rbCRP strain carries the coding region of the rbCRP gene cloned downstream of the rat phosphoenolpyruvate carboxykinase (PEPCK) promoter with liver-and kidney-specific activity. 31 We used hemizygous rbCRP transgenic mice backcrossed to the C57BL/6 (B6) inbred strain for 5 generations. For rbCRP genotyping, we used primers 5Ј-TGTGAACATGTGGGACTAT-3Ј and 5Ј-TGAAGAAGGCAAAG-CTAGG-3Ј. C57BL/6J-apoE tm1Unc knockout mice (internal designation apoE knockout) 16 backcrossed to B6 for 10 generations were obtained from The Jackson Laboratory. The rbCRPϫapoE knockout double mutants were generated by outcrossing rbCRP with apoE knockout mice and by backcrossing rbCRP-positive hybrids to the apoE parental strain. The apoE knockout and wild-type alleles could be discriminated as recommended by The Jackson Laboratory.
Diet for Activation of the PEPCK Promoter
The PEPCK promoter of the rbCRP transgene was activated by a protein-rich diet consisting of 60% caseine, 20% cellulose, 11% vegetable oil, 2% brewer's yeast, and 7% mineral mix with vitamins. 31 The mice were fed ad libitum.
Preparation of Aorta and Neck Vessels
Mice were euthanized at the age of 20 and 52 weeks and fixed in 4% buffered formaldehyde. Hearts and aortas were resected en bloc down to the iliac bifurcation. The aortic arch was dissected and 1-mm long rings of the truncus brachiocephalicus, the aortic arch and the left subclavian artery were oriented in paraffin blocks, serially sectioned (approximately two hundred 4-m sections per sample) and stained with hematoxylin/eosin. The rest of the aortae were stained with Sudan IV as previously described, 32 and photographed with a 12 megapixel digital camera (DXM 1200, Nikon, Tokyo, Japan) at a total magnification of 40-fold, thus yielding high resolution images (Ϸ30 MB; see Figure 4 ).
Image Analysis
Atherosclerotic lesions en face were quantified on digitized photos using Photoshop-based image analysis (Adobe Systems Inc, San Jose, Calif). 32, 33 Images of histological sections were taken with a diagnostic microscope and a high-resolution camera (DXM 1200, Nikon) and imported into Photoshop and obstructive plaques quantified as a fraction of the vessel lumen. For that purpose, atherosclerotic lesions were manually marked and the number of pixels quantified. To correct for the noncylindrical geometry of the partially collapsed vessel rings, vessel lumen was calculated from the length of the inner vessel circumference as measured in Photoshop. Plaque area was expressed as percent luminal obstruction.
rbCRP Binding Assay
Serum rbCRP levels were determined by ELISA as described. 29, 34 
Determination of Serum Cholesterol and Fatty Acids
Murine sera diluted 1:3 with physiological saline were subjected to commercial cholesterol (CHOD-PAP, Roche Diagnostics) and triglyceride (GPO-PAP, Roche Diagnostics) assays.
Hemolytic Complement Assay
Hemolysis tests to assess murine complement activity have been notoriously difficult to establish; therefore, we developed a novel assay. Staphylococcal ␣-toxin (SAT) is a protein bacteria toxin that, at concentrations Ͼ200 nmol/L, binds nonspecifically, in a nonsaturable manner, and irreversibly to rabbit erythrocytes. A single amino-acid substitution (arginine for histidine at residue 35; H35R) renders the toxin nonlytic, enabling cells to be coated with ample amounts of the mutant toxin without ensuing hemolysis. 35 A SATspecific polyclonal antibody can subsequently be applied and the hypersensitized erythrocytes efficiently lysed by complement of any origin, including the mouse. For this a 5% erythrocyte suspension in veronal-buffered saline (VBS) was incubated with 30 g/mL H35R SAT for 30 minutes at 24°C. Cells were pelleted, resuspended in VBS to 3%, and 10 L of anti-SAT serum were added per milliliter. Twenty-five microliters of hypersensitized cells were incubated with 25 L of mouse serum, and hemolysis was determined after 1 hour (37°C) by reading the absorption of the supernatants at 412 nm.
Complement Consumption Assay
Enzymatic modification of human LDL was performed as described. 13, 36 The complement consumption assay was carried out as described. 13 Briefly, a human serum pool containing Ͻ1 g/mL CRP was diluted 10-fold with VBS, and aliquots of 50 L were transferred into reaction tubes. Recombinant huCRP (Calbiochem) and human E-LDL were added to the given final concentrations, and the samples were incubated for 60 minutes at 37°C. Subsequently antibody-coated sheep erythrocytes were added, and the degree of hemolysis was determined after 60 minutes by measuring the absorbance of the supernatants at 412 nm. Hemolysis curves were inverted to reflect complement consumption.
For adaptation to the murine system, B6 sera were used instead of human serum samples and, in some of the experiments, rbCRP purified as described 29 was used instead of huCRP. These assays were developed using the SAT-hypersensitized rabbit erythrocytes.
Statistical Analysis
Body weights and serum parameters of rbCRPϫapoE knockout animals were compared by t tests (Table I , available online at http://atvb.ahajournals.org). Correlation coefficients were calculated between serum rbCRP concentration and atherosclerosis data. When histological data were compared between rbCRP subgroups, parametric t tests and, to compensate for a potential lack of normal distribution, nonparametric Wilcoxon tests were applied. Further, serum cholesterol values were taken into account in a regression model (ANOVA) where the serum cholesterol concentration was used as quantitative variable.
Results
Lack of Detectable Hemolytic Complement Activity in ApoE Knockout Mice
The apoE knockout strain used in our study had been backcrossed to the B6 strain for 10 generations; therefore, testing the serum hemolytic activity of 2 normocholesterolemic B6 control mice and 2 apoE knockout mice was performed originally just on a precautionary basis. Sera of the B6 control mice had normal hemolytic titers ( Figure 1A ). However, sera of both apoE knockout mice completely lacked detectable hemolytic complement activity ( Figure 1B) . We subsequently tested sera from each animal in this study as well as sera from 5 nontransgenic apoE knockout animals and found a hemolytic titer of zero in each case.
Human and Rabbit CRPs Fail to Augment E-LDL-Dependent Activation of Murine Complement
Exploratory mixing experiments indicated that lack of hemolytic complement activity in apoE knockout mice was attributable to the presence of an inhibitor. Because the inhibitor might not necessarily be present in tissues, we tested whether CRP would augment E-LDL-dependent complement activation in normal mouse serum. E-LDL activates human complement via a highly efficient CRP-dependent (Figure 2A , open circles) and a less-efficient CRP-independent mechanism (Figure 2A, closed circles) . The same experiment was conducted with mouse B6 serum. High concentrations of E-LDL alone activated murine complement (Figure 2 , closed circles). However, neither huCRP ( Figure 2B , open circles) nor rbCRP (not shown) had any augmenting influence on murine complement consumption. The experiment was reproduced with 3 different batches of recombinant huCRP.
Induction of rbCRP Transgene Expression by a Protein-Rich Diet
Starting at the age of 8 weeks, rbCRPϫapoE knockout offspring mice were fed a protein-rich diet to drive rbCRP transgene expression. 31 Body weights of rbCRPϫapoE knockout mice exhibited significant gender differences (Table I) and hence rbCRP serum concentrations and all further data were not only assorted according to genotype but also to gender. rbCRP was absent in the rbCRP negative mice but expressed at high serum levels independent of gender in the transgenic animals (Table I) . Two rbCRP-positive apoE Ϫ/Ϫ mice did not express the transgene and were excluded from the study. Overall, expression of rbCRP observed here, including the occasional lack of expression, was in accord with the literature. 19, 28 
Development of Hypercholesterolemia in ApoE Knockout Mice
At 52 weeks, serum triglyceride levels of apoE knockout mice barely exceeded physiological murine values. In contrast, serum cholesterol concentrations were increased over those in sex-matched apoE ϩ/Ϫ controls of the same rbCRP genotype to a similar degree as that of apoE knockout mice on a balanced diet. 37, 38 Whereas cholesterol levels in all female animals were similar (Table I) , cholesterol and triglyceride concentrations of rbCRP-positive males were significantly (t test) higher than those of rbCRP-negative males (Table I) . A similar trend was noted after introduction of a huCRP transgene into apoE knockout mice, 8 but the differences did not attain statistical significance, presumably because of the shorter duration of the experiment (6 months versus 12 months in this study).
rbCRP Transgenesis Does Not Augment Atherogenesis in ApoE Knockout Mice at 20 Weeks
Five rbCRP-negative and 5 rbCRP-positive male and 7 rbCRP-negative and 4 rbCRP-positive apoE knockout female mice were euthanized at 20 weeks. In each group, only 1 to 2 animals presented with minimal atherosclerotic changes (Ͻ3% of aortic surface and Ͻ5% luminal obstruction), whereas the remaining animals showed no atherosclerotic lesions at all. No statistically significant differences were noted between any groups.
rbCRP Transgenesis Does Not Augment Plaque Development in the Aorta of 52-Week-Old ApoE Knockout Mice As Studied En Face
No atherosclerosis was detected in apoE ϩ/Ϫ mice. In contrast, all apoE knockout mice exhibited extensive aortic lesions at Hypersensitized rabbit erythrocytes were incubated with various concentrations of C57BL/6 (A) and apoE Ϫ/Ϫ knockout (B) sera at the given concentrations. The complement system is intact in the C57BL/6 strain, 47 and total hemolysis was observed with undiluted serum (A). In contrast, no hemolytic activity could be observed with the apoE knockout serum (B). Data shown represent the means of 2 independent determinations. Similar absence of hemolytic activity was confirmed in all other mice entered in this study. Figure 2 . Lack of huCRP to augment activation of mouse complement. Dose-dependent human (A) and murine (B) complement consumption induced by E-LDL in the presence or absence of 10 g/mL huCRP. In human serum (A) huCRPdependent complement consumption could be detected at E-LDL concentrations of Ͼ6 g/mL (E), whereas E-LDL alone was only capable of activating complement at concentrations Ͼ50 g/mL (P). In contrast, huCRP did not augment activation of mouse complement by E-LDL (B).
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52 weeks, and the mean lesion size was significantly more extensive in males compared with females ( Figure 3A ). However, neither by using t test nor Wilcoxon test nor after adjusting for serum cholesterol in the regression analysis (ANOVA) were any differences in plaque area found between rbCRP-negative and rbCRP-positive mice of either sex ( Figure 3A) .
Quantification of Luminal Vessel Obstruction
The results of these analyses are shown in Figure 3B and 3C. No histomorphological differences were detected between atherosclerotic lesions of rbCRP-negative and rbCRPpositive mice (Figure 4) . By using parametric t test, the differences of aortic and neck vessel obstruction between rbCRP-positive and rbCRP-negative mice were found to be statistically significant for the males but not for the females. These results were confirmed by data analysis with the nonparametric Wilcoxon test. However, when adjusting for the influence of serum cholesterol in the regression analysis (ANOVA), the results between the rbCRP-positive and rbCRP-negative mice were no longer significant, indicating that cholesterol was an important confounding factor in our study. The trend toward increased atherosclerosis in rbCRPpositive animals was more pronounced in males, where the probability values (ANOVA) reached 0.07 and 0.10 for aortic and neck vessel obstruction, respectively. When a regression analysis of CRP levels and vessel obstruction was performed, no correlation was observed in male animals ( Figure I , available online at http://atvb.ahajournals.org) or female animals; in the latter, correlation coefficients between CRP levels and obstruction of aortic arch and neck vessel were Ϫ0.024 and Ϫ0.002, respectively.
Discussion
Two studies have previously addressed the possible significance of CRP in atherogenesis by expressing huCRP in apoE knockout mice. 8, 22 Whereas Hirschfield et al 22 detected no proatherogenic effect, Paul et al 8 reported an increase in lesion size in the aortic arch of male mice and concluded that CRP is atherogenic. In that study, 8 only transgenic huCRP male mice had increased atherosclerotic lesions, and the effect was observed in naive animals as well as in mice subjected to a strong inflammatory stimulus (turpentine injections). For unknown reasons, the CRP levels were extraordinarily high as compared with other studies using the same transgenic strain, 21, 39, 40 suggesting a concomitant inflammatory stimulus of unknown origin. In this context, inflammatory stimuli themselves accelerate atherogenesis, 32 and conclusions regarding the specific role of CRP in turpentine-treated animals cannot be drawn if appropriate controls are lacking. Of note, although female transgenic mice expressed low CRP levels, these were nevertheless in Figure 3 . Quantitative analyses of atherosclerotic lesions in rbCRP-negative and rbCRP-positive apoE knockout mice 52 weeks of age. A, Aorta en face. The aortic plaque area of apoE knockout mice was analyzed by computer-based image analysis of aortic preparations en face. Irrespective of gender, no statistically significant (ANOVA) differences in the size of aortic lesions were found between the rbCRPpositive and the rbCRP-negative apoE knockout mice. B, Aortic arch obstruction. Obstruction was calculated in the murine aortic arch using morphometric analysis of serial histological sections. The degree of obstruction was increased in the rbCRP-positive males and females as compared with the rbCRP-negative controls; however, the values did not attain statistical significance (ANOVA). C, Neck vessel obstruction.
In the first-order branches of the aortic arch (right, brachiocephalic arch; left, subclavian artery), the rbCRP-positive males and females exhibited a higher degree of luminal obstruction as compared with the rbCRP-negative controls of the same sex. However, the differences observed were not statistically significant (ANOVA). Data are meansϮSD. n.s. indicates not significant. Likewise, no differences were seen in terms of inflammatory and histiocytic cell infiltrations between lesions of rbCRP-positive and rbCRP-negative mice. Finally, and in agreement with previous observations by our own group and by others, 41 we did see a similar frequency and toporegional distribution of chondroid-like changes in the atherosclerotic lesions, the exact nature of which remains unknown. Taken together, virtually all lesions on rbCRP-negative and rbCPR-positive mice corresponded to Stary classification type V. Asterisks demonstrate characteristic chondroid-like lesions found preferably in advanced mouse atherosclerotic lesions. 41 The space bars depict distances of 500 m for the histological sections (A and B) and 0.5 cm for the en face image (C).
the range that is considered a risk factor in humans; however, no differences between the CRP-positive and -negative animals were seen. 8 In addition to these caveats, animals in the study by Paul et al 8 were euthanized at an early age (29 weeks) , where genuine atherosclerotic lesions had not yet been formed, and only microscopic histiocytic deposits in the aortic valve cups were taken as the basis for quantification of atherosclerosis. Marginal differences in lesion size were noted only in the aortic route, whereas lesions in the remainder of the aorta exhibited no differences. The finding that male CRP-transgenic mice had more C3 deposits in the lesions 8 is also open to interpretation, because current immunohistochemical staining methods permit no differentiation between activated and nonactivated murine complement components. For the same reason, mere detection of CRP in the murine lesions does not demonstrate its complement-activating capacity. In contrast, positive stainings for C3dg and C5b-9-neoantigens constitute unequivocal evidence for complement activation in human lesions. 7, 13 Experiments with mice expressing rbCRP do not harbor the problem of testosterone and inflammation-dependency of the construct. Atherosclerotic lesion development is slow in the apoE knockout mouse, and only very small lesions begin to appear after 20 weeks. After 52 weeks, moderately advanced lesions developed that corresponded to stage V of the Stary classification. We discerned no proatherogenic effect of CRP at this stage. For unknown reasons, male CRP transgenic mice had significantly higher cholesterol levels than all other groups, which could explain the increase in lesion size that was detected when vascular obstruction was quantified in first-order branches as proposed by Rosenfeld et al. 41 This observation would have been missed by conventional en face plaque measurement alone. The group size in our study would have permitted only detection of strong CRP effects, and small differences at this or at earlier stages of atherogenesis might have been missed. This potential shortcoming is common to most animal experiments. Moreover, current discussions on the possible atherogenic effects of CRP in humans relate to consequences in late-stage disease that might be mediated by far lower CRP levels than expressed here.
The oddities of mouse complement, particularly with regard to CRP-dependent activation by lipoproteins, surfaced when we tested whether murine complement would be activated by modified LDL and whether this process would be amplified by CRP as found previously with human complement. 13 By using erythrocytes hypersensitized with a bacterial protein toxin, a hemolysis target was obtained that was readily lysed by mouse complement. To our surprise, the apoE knockout mice completely lacked hemolytic complement activity. Earlier work has uncovered an inhibitory effect of mouse fibronectin 42 and the existence of an inhibitor of the terminal complement sequence, 43 which partially explains the notorious inefficiency of murine complement. 44 Pilot mixing experiments indicated that lipemic sera from apoE knockout mice contain either larger amounts of these inhibitors or additional inhibitory factors that await future identification.
Because the putative inhibitor might not diffuse into atherosclerotic lesions, we determined whether the pattern of complement activation by E-LDLϮCRP as found in human serum 13 could be reproduced in normal murine serum. At high concentrations, modified LDL was indeed capable of consuming murine complement, but complement activation was not augmented by CRP.
All of our present findings thus uncover the disturbing facts that the interactions among CRP, complement, and LDL, as have been delineated in humans, may not exist similarly in mice. It can naturally not be excluded that mouse CRP might be active, but the incapacity of transgenically expressed CRP to execute 1 of its primary functions places obvious constraints on the validity of this animal model. Hence, any effect of CRP in the apoE knockout mouse is probably independent of the complement system. Vice versa, it must be conceded that any lack of effect as observed here might be attributable to this shortcoming.
It has been reported that C3 deficiency protects LDL receptor knockout mice against atherosclerosis. 45 This finding would be in accord with the earlier observation that C6 deficiency in rabbits is also protective 46 and need not stand in conflict with the present work. Preliminary data from this laboratory indicate that hemolytic complement activity in LDL receptor knockout mice is not nil and, as shown above, higher concentrations of E-LDL do activate mouse complement independent of CRP. In summary, caution should be exercised when extrapolating observations in genetically engineered mouse models with incompletely characterized physiological alterations to the situation in human disease, and we believe that a definitive statement regarding the role of CRP in human atherogenesis should be deferred at this stage.
